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TOM TAT

Phrong phap phn tir hitu han nguyén i (AFEM) dugc phat trén dé xac dinh dic trung
dan ki coa ong cac bon na néon lop, ong boron nitride (BN),4m BN va graphen. sdung
cling cac hng $ luc, két qua mé dun dan i khi tinh bang AFEM sai khac sa@ivkét qua tinh
bang dong luc phan i khaang 5 %. Bén anh d6, két qua tinh king AFEM duoc so sanh & cac
phuong phéap khacit phu hyp. Biéu d6 cho thhy AFEM |a mdt pheong phépdon gian, nhanh
chéng xaatinh dic treng dan Hi cho céac 1t liéu ciu tric na né.

Tir khéa pheong phap pin tir hitu han nguyénit, dic treng dan Hoi, vat liéu na né.

1. GIOI THI EU

Vit ligu na nd c6 4u tric rdi luc giac haywai to ong (Hinh 1)da dugc nghién éu trong
nhitng rim gin day do nling dic tinhuu viét cia chang nh lam chit gia arong cho Wt ligu
composite hayrng ding trong céc tiék bi dién tr. Dau tién la @m 1991 khibng cac bon na nd
dugc phéat hén trong phong thi ngéim [1].

a)

[

Hinh 1.M6 hinh a) &u tric fim vat li¢u bao @m hai kiu nguyéni khac nhau,
b) thi nghém kéodung tam, c) thi nglim trugt thuan tay.

Zigzag

y, Armchair
X
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Xac dinh dac trumg dan hdi cda tdm va ong vat liéu cdu tric na nd bang phwong phép ...

DPén nim 19936ng cac bon na ndon l6p (SWCNT) ding dugc tim ra [2]. Theo saus
phéat hén ra graphen vacim 2004, &i nayda cé thém khing trén 20 lai vat liéu na nd c6 &u
trdc hinh ic giacdugc dr doan Hn tai trén |i thuyét. Trongdé c6 graphen [3] va BN [4-6dla
dugc tong hyp trong thrc #.uSau khi cac & liéu na nd trénfugc phat hén, ching én duoc
tinh toan cadic trung i, Ii, hdadé nham phic vu cho $n xuit dai tra ding nhr trugc khitng
dung chang trong tirc . Trong khi tén hanh tlxc nghém ¢ thang na né 1t kho khin vadit
do, viec mé phong £ c6 vai trd quan tng trong véc dr doan caalic treng dan i caa cac wt
liéu na no.

Phrong phap i thu§t mat do phiém ham (DFT)dong luc hoc phan i (MD) va tinh toan
tight-binding (TB) 1a niing phrong phap mé ping tién tén cho Kt qua chinh xac, tuy nhién
chang 6n nhiéu thoi gian tinh toan.

Phrong phap phn tir hixu han trong nguyénit (AFEM) da duoc phat trén dé tinh toan cho
C&C du trdc \at liéu na nd mit cach hgu qui [7 - 11]. Trong AFEM, nguyénitduoc coi nhr cac
nat, chugn vi cia nguyénit coi nhr chuyén vi caa nat. Cac pn tir trong AFEMduoc tao radé
md t tuong tac cac thanh ph thé ning gita cac nguyénit Thé ning aia ke dugc tinh r thé
nang aia mbi phan tir. Pao ham KAc hai theoda do cac nat cho ra maam d6 cing aia ke. Tai
day, viéc tinh toantong tr nhe trong phrong phap phn tir hiru han truyén thing (FEM).

Trong nghién 6u nay, AFEMdugc phét trén dra trén ham thning cang hamdiéu hoadé
du doandic treng dan Wi caa vat lidu cé du tric na ndO bién dang nho, bién dang dai va bin
dang goc @a lién Kt c6 thé duoc biéu dién qua chugn vi caa mbi nguyén & va cac Bing $ luc.
Hai kiéu phan tir dugc xay drng trong bai bao nagé mé & cho bén dang dai va bin dang goc
trong ng. Ma tén duoc dua ra drdi dang hién. Théng qua mo @img thi nghém kéodon truc
va thi nghém trugt thuan tay (Hinh 1).dic treng dan hoi cua dng cac bon na ndon lop, tim
graphengjng va ém BN don I6p dugc tinh toan. Kt qua dugc so sanh & phuong phap MD
ciing nhr cAc tai Igu khacdé thiy dugc tinhdingdan cia nghién ¢u nay.

2. THIET LAP MO HINH

2.1. M6 hinh @ hoc phén tir

Thé ning trong tac gira cac nguyénitco the duoc bicu dién bing ng thé nang trong
tac lién Kt va tre nang trong tac phi lién &t [12-14]:
E=Er+E9+Er+Ew+Evdw+Eel (1)

Xét trong bén dang nto, cac hamiiéu hoa throng dugc sr dung dé md hinh héa cho &
nang bin dang kéoE, va bién dang gocE, nhu sau:

- ;Mgcre(dif)z 1 @
Z ik ( ) (3)

trongdé: ;7 la bién dang dai @ia lién Kt thang thi e gitta hai nguyéniti va nguyéntt j, o6,
la bién dang géc gita hai lién Kt thingij vajk (Hinh 2).M vaN tuongung la tng $ bién dang
dai va bén dang géc.C; va Cj la hing $ luc trong ing cho bén dang dai va bin dang goc.
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Vi nhitng im vat ligu ciu tao boi 2 loai nguyén t (Hinh 1a) 8 ¢6 hai gia tr Cji twong iung
phu thudc vao nguyénit & dinh aia géc c6 lin cang. Trong Hinh 2b, nguyér i vak la cung
loai.
[ ] i ]
- o N 5ij
d. N
4 i
ij ®
a) b)

Hinh 2.M6 hinh hai kéu prin tir a) ptin tr bién dang thing k; va bén dang daidl;;
b) phn tir bién dang goc @, va bén cang géc 54, -

E,. E,. E,, VA E, tuongng la tké ningdén tir bién dang xain, dao lién K, luc van der
Waals vairong tacdién tir. Tat ca duoc bd qua trong gii han aia nghién ¢u nay.

2.2. M6 hinh phan tir hitu han

2.2.1. Xay dng mé hinhdm vasng wit liéu na nd

Tam na nédon I6p duoc tao ra tr hai théng 6 1a chiu dai lién Kt (1) va goc lién &t (6) o
vi tri can ling bandau (Hinh 1).

Cacdic trung @ hoc cia im phu thusc vao kich tirgc tim (trc & lugng nguyént it hay
nhiéu). Qua Kt qua tinh toano Bang 1, ching toi nin thiy véi vat ligu graphenit tam kich
thudc 10x10 nm §m 4032 nguyénittré di gid tri md dun dan Ki theo hai plrong khéng con
thay ddi nhiéu trong khi kidi lwong, thi gian tinh toanang dang K. Do do, m kich thréc
vubng @m 4032 nguyénitduoc chon dé mé phong cho graphenimg tim BN trong nghién iu
nay.

Bang 1.M6 dundan hi hai chiu Y (N/m) cia graphen phthudc vao kich tirgc tim vuéng.

Kich thegc (nm) ~3x3 =5x5 =8x8 ~=10x10 =12x12 =14x14

(Sé nguyén ) (364)  (1008)  (2584)  (4032)  (5800)  (7656)
Ys (N/m) pheong armchair 335,5 3427 346,0 347,0 347,6 348,0
Y, (N/m) phrong zigzag 358,6 355,0 353,3 3526 352,2 352,0

M6 hinhéng vat li¢u na nddugc tao ra king cach can tm vat liéu theo pleong véc & C, .
Khi Ch trung \6i phuong zigzag (phong x) ta c66ng cang zigzag (n,0)C, trung Wi phuong
armchair (plrongy) ta c66ng chng armchair(n,n).

Xét tim vat liéu na nd §m N nguyén i (nat). Goi (, Vi, z) la toadd trong khong giani@
nguyén tr tha i. Trongdo phrong truc z vudng géc ¥i mat phing im. Vi tri caa nguyé@nit i
sau khi can tim thanhéng 1a ;, Y;, Z) & dugc xacdinh qua biu thic sau:

Khi C, trung \6i phuong zigzag:
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X, =Rsin(x/R; Y=y, Z= Reco{ x/ R-1 (4)
Khi C, trung Wi phuong armchair:
X, =x;Y=Rsin( y/ B; Z= Reog ;y/ R 1 )

trong phrong trinh (4) va (5), ban kinbng R=| C, | /277.

Qua Kt qua tinh toand Bang 2 cho thy md dun dan i cia SWCNT ph thusc kha nhéu
vao f 1¢ chiéu dai trénduong kinhdng (L/d). Khi chéu daidu Ién so Wi duong kinh thi gi frit
thay d6i hon. Cy thé vé6i vat lisu SWCNT, tr gia ti L=15d t& di, m6 dun dan i da khadn
dinh. Dod®, ti 1& L~15dduoc chon dé xay drng mé hinh SWCNTing nhr choéng BN.

Bang 2.M6 dundan ki hai chiu Ys (N/m) cia SWCNT ph thuse vao t 1é L/d.

Chi s, dwong kinhdng L~ 5d L~ 10d L =~ 15d L =~ 20d L~ 22d
(10,0); d=0,783 nm 337,7 339,5 340,1 340,4 340,5
(10,10); d=1,356 nm 347,6 348,2 348,4 348,5 348,5

2.2.2. Thét Idp ma ten dé cing phin tr
Ta 0 tit nang bién cang aia mbt phan tir hai nat (hinh 2a):
e - l e e 2
EP=2C (a17) (6)
Xét trong tac gira hai nguyéniti vaj. Khoang cach dgia cht’mg,lfi :
théng quadadé (x, yi, z) cua nguyéntt i va bado (X, Y, ) cia nguyéntt j nhu sau:

c6 tré duoc biéu dién

(5) =0 =% ) +(y —y) +(z= 2 @)
Dao ham hai ¢ phrong trinh (7), ta co:
105 =(x - )(ox =% )+(y - y)(ow-0y)+(z-,7)(0 =0, 3 ®)

Dit & =q, & =0,, & =0, Vak =0q,, d, =G V& & = la cac chugn vi cua nguyén
tr i vaj theo cac wc x, y, vaztuwong timg. Phrong trinh (8) té thanh:

a5 =[x (a-a)+y (a-a)+ (o= 9] ®)
Trongdo:
N EXTN Y TYTY #TT2 (10)

¢ trang thai clra bén dang, ta col¢ =1, voi lo 1a chiu dai @a lién Kt thing ¢ trang thai can
bang bandau.
Thay phrong trinh (9) vao pirong trinh (6) ta co:
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e

E?=2((|:;)2[>ej (a-a)+y(a-a)+z( ¢ 9] (D)

trongdo q" ={q,,q,.....q,}" & véc b chuyén vi nat dia pHin tir ba nat.

Dao ham Hc hai ¢ia ham th ning duoc xacdinh tr phrong trinh (11) theo chigy vi nit
cho taduoc ma thn d6 cirng aia ptan tr hai nat:

OE®
k= , mp=12.6 (12)
" 0q,0q,
Lap luan trong ty, thé ning aia pHin tir ba nat (hinh 2b) céatlg nhr sau:
e 1 e
=20 19

trongdé goc 4, gitta hai vécd I valj c6 the duoc tinh tr biéu thirc sau:

iy cosy =X % +Y ¥ + 74> (14)
trongdé %, %7 va X1 Y & ky hiéu trong tr nhr (10):

Dao ham hai ¢ ciia phrong trinh (14) ta co:

Sosing (d_d_] cosd, (5_’&_5_“4_5_%&}{_?(5@‘ LI J (15)
| ! |

ijk
ji Jk IJ'i Iik IJ'i Iik Iii Iik ji lik Iii Ijk ji Iik

Chu y &ng:
0% =0-0;0Y =G~ Gogz= g~ goX= ¢ Q0 y= & HyZF fH | (16)
trongdo gy, G, Vage la chuyn vi cia nguyéntt k theo cac phongx, y, vaz twonging.

Déi vai cau trac &im hinh hic giaco diéu kién chra bén dang bandau, ta cdlj=lx=1ova
a =120.
ljk

Chu ydén phrong trinh (9), & pheong trinh (15) cho ta:
(% cosg+x )(a-a)+(y cog+ y )(g- @) +( z cof+ z)( & 4 ] (17)
+(x, cosf+ %) (0, - ) +( y cog+ y)(g- g)+( z cod+ J( g 4§
Thay phrong trinh (17) vao pkong trinh (13) ta c6:
[m cosp+x,)(a- a)+( y 009+ y)( a- 6)+( 2 cos 2)( s T(lg)
2(13 sing)" | +(x, cos+x ) (0, - &) +( y cod+ y)(g- g)+( 7 cod+ 2 g ¢

Ma tran d6 cing k°caa pHin tir 3 nat bén dang gécdugc xacdinh nhr sau:

g 1
% 12sing

o __ O0E -
= ) =12.9 19
Ko =5 o, mp=1 (19)

2.2.3. Thét lgp va giii hé phirong trinhdc trung
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V& ban chit AFEM hoan toan khac sasWFEM truyen thong. V& hinh thic thi AFEM hi
c6 nhingdiém giong FEM truyn thong & diém sau:

i) Ma tran d¢ ciing tng the K , véc t chuyén vi niit Hng the Qva véc & luc niit bng the
F cua h¢ dugc ghép Bi trong tng tir ma tén do cimg, véc & chuyén vi va véc & luc nit ¢ia
cac phan tir.

i) véc b chuyén vi nGt va vécd lyc nGt ntn duoc tir diéu kién bién trong tng sau khi
giai phuong trinhdac trung:

KQ=F (20)

Viéc thiét 1ap va gii phuong trinh (20)dugc lap trinh trén phn mém Matlab. Bai toan
kéo ding tdmdon truc va bai toan trot thuin tdy (xem Hinh 1)3ugc md ploing dé tim dic
trung dan Ibi cua cac 4m vat liéu graphen, BNong BN va SWCNT. Théngdscaa cac 1t liéu
duogc dua ra trong Bng 3.

Bang 3.C4c hing $ luc va chéu dai lién Kt bandiu caa lién Kt C-C va B-No nhiét d 0 K.

Vat liéu Ng}Jyén Ng}Jyén Cre' C1e21' C2612' 'lé\)
tir 1 w2 keal(mol.®)  kcal((mol.rad)  kcal/(molrad) (A)
Graphen, SWCNT C C 1051 195 195 1,42
Ong va im BN B N 856 95 191 1,45

Trongdoé chiu dai lién Kt bandau |, dugc lay tir tai ligu tham kido [15]; cac ling $ luc

cua lién ket C-Cdugc tham klao tir [16], cia lién €t B-N tham ko tir [17].
M6 dun dan i Y va modun tnrot G dugc tinh dra trén bén dang vaang stt twong ang

nhu sau:

Y = g, G= 1, (21)

£ y

trongdoé o vae la ang st phap va kin dang dai trong thi ngim kéoding tam;r va y laing
SUt tiép va bén dang gdc trong thi nghim truot thuén tdy aia am.

Goi t 1a do day @a tim vat ligu. Ta c6 maiun dan i hai chéu, Ys, va modun dan Hoi
truot hai chéu, G, duoc xacdinh nhr sau:

Ys=YtvaGs= Gt.

3. KET QUA VA THAO LUAN
3.1. Két qua cia md hinh im

Két qua duoc dua ra trong Bng 4 cho thy ring médun dan i va mddun dan i truot
tinh ki phuong phap AFEM cho dt qui thip hon khaing 5 % so ¥i két qua tinh duoc tir
phuong phap MD. Trong khio, he sd poisson cdlugc tir phuong phap AFEM ang nke SO \6i
két qua tinh dugc tr pheong phap MD. Va trong cling éhloai vat liéu, hé sb poisson theo
pheong zigzag caodn so i phuong armchair. Tuy nhién, sai khdo6 ch khaang 0,01 nén cé
thé bo qua. Saidnh két qua hé sd poisson tinh ing AFEM so i két qua tinh bing MD trong
Bang 4 la &t nho, khaang 0,5 %. N6i chung, cagkqua tinh toan Bng phrong phap AFEM la
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rit gin véi cac Kt qua tinh bing mo plong MD. biéu d6 cho thy tinh ding din cia phrong
phap AFEMdugc dé xuat trong nghién €u nay.

Bén anh do, cac Kt qua tinh toandic trung dan Hi cua \at liéu sr dung AFEM ding
dugc so sanh & cac Kt qua tinh toan Bng cac plrong phap khadugc li¢t ké trong ling 4. S
dung phrong phap AFEM tinh ra mdun dan i hai chiu aia graphen 1a 353 N/m (pbng
zigzag) va 347 N/m (ptong armchair); ma@un dan R truot 14 152 N/m va & sd poisson £p
xi 0,18. CAc &t qua do rat gan voi cac Kt qua cia cac tac gikhac nhr: Yakobson [18] & dung
mo hinh ¥ mong dra trén ham th Tersoff-Brenner, Popov véig sr [19] st dung mé hinh
dong luc hoc tinh thé, Kudin va éng sr [20] sir dung md hinh & dva trén tinh toan DFT iing
nhu Sahin va éng sr trong cac tai fu [15]. Va Kt qua thu dugc tir AFEM diing it sat \6i két
qua do tir thee nghiém [21 - 23], khido day ém duoc gia thiét t = 3,35 A.

Bang 4.Dic trung dan 1oi ciia im graphen vaam BN don I6p dugc nghién ¢u va so sanhai cac Kt
qua cia cac nghiéniu khac.

Vit liéu Phrong phap nghiéniw, tic M6 dundan ki M6 dun turot hai Hé 5
gia hai cheu E (N/m)  chieu G (N/m) Poisson
Graphen AFEM 353 (zig) 152 0,179 (zig)
347 (arm) 0,175 (arm)
MD, Le and Nguyen 2014 [24] 364 (zig) 158 0,15-0,17
352 (arm)
DFT & m6 hinh ¥, Kudin et 345 150 0,149
al. (2001) [20]
DFT, Sahin et al. (2009) [15] 335 0,16
M hinh \é v6i ham tié 360 0,19

Tersoff-Brenner, Yakobson et
al. (1996) [18]

M& hinhdéng e hoc tinh tHé, 1002 GPa 414 GPa 0,21

Popov et al. (2000) [19] (médundan i)  (mddun trrot)

Thi nghgm tinh va éng hrong 1029 GPa 440 GPa 0,17

am, siéu am, Blakslee et al. (mddundan i)  (médun tuot)

(1970) [21] ‘

Tan » tia X khdngdan Hoi, 1092 GPa 485 GPa

Bosak et al. (2007) [22] (mddundan i) (M6 dun turot)

Thyc nghém, Lee et al. (2008) 340 + 50

[23]

BN AFEM 271 (zig) 114 0,226 (zig)

266 (arm) 0,222 (arm)

MD, Le and Nguyen 2014 [24] 280 (zig) 117 0,19-0,22
271 (arm)

DFT & mo6 hinh %, Kudin et 271 112 0,211

al. (2001) [20]

DFT, Sahin etal. (2009) [15] 267 0.21

DFT & phuong trinh can ing, 275.8
Andrew et al. (2012) [25]

Tén » tia X, Bosak et al. 776 GPa 321 GPa 0,21
(2006) [26] (mddundan b)) (M6 dun tarot)

260



Xac dinh dac trumg dan hdi cda tdm va ong vat liéu cdu tric na nd bang phwong phép ...

Pic treng dan i cua vt liéu BN tinh i AFEM: md dun dan i la 271 N/m (plrong
zigzag) va 266 N/m (ptong armchair); maun dan Koi truot [& 114 N/m va & sb Poisson #p
xi 0,22. NHing gia ti dic treng dan Hoi caa BN néu trénét phu lop Wi cac gia tt tuong tng
cua cac nghiéntw truge day boi cac phrong phap khac nhsr dung tinh toan DFT [15, 20, 25],
md phong MD hoi Zhang va 6ng sr [27]. Véi giai thiét do day fim t=3,35 A, maddun dan [
va mddun dan i truot caa BN tinh ting AFEM it gin Vi gia tri thuc nghim dugc do boi
Bosak va 6ng sr [26].

3.2. Két qua ciia md hinhéng

Qua thi nghim kéo theo ptiong hréng tuc cia 6ng, gia ti mé dun dan ki caa cacéng
vt liéu dugc dua raé Bang 5.

Bdng 5.M6 dundan fbi hai chiéu Y, (N/m) cia SWCNT vadng BN don lsp theodwong kinhéng, d.
Ti I€ chieu dai trénduong kinh & dinh L/d= 15.

Chi < Ong SWCNT Ong BNdon lop
(n, m) d (A) Ys (N/m) d(A)  Ys(N/m)
(4,0) 3,13 300,8 3,2( 227,1
(5,0) 3,91 315,7 4,0( 238,5
(6,0) 4,70 3249 4,8( 2455
(7,0) 5,48 330,9 5,6( 250,2
(8,0) 6,26 335,0 6,4( 253,3
(9,0) 7,05 337,9 7,2( 255,6
(10,0) 7,83 340,1 7,9¢ 257,3
(15,0) 11,74 345,4 11,9 261,4
(20,0) 15,66 347.4 15,9 263,0
(3,3) 4,07 333,3 4,1t 252,2
(4,4) 5,42 340,1 5,5¢ 257,4
(5,5) 6,78 3435 6,9: 260,0
(6,6) 8,14 3454 8,3 261,5
(7,7) 9,49 346,6 9,6¢ 262,4
(8,8) 10,85 347,4 11,0 263,1
(9,9) 12,20 348,0 12,41 263,5
(10,10) 13,56 348,4 13,8 263,8
(12,12) 16,27 348,9 16,6 264,2

Két qua cho thiy, & cung ndt duong kinh, gia tr md dun dan i cua ong cang armchair
lén hon so 6i bng cang zigzag. Tuy & ca hai gia ti déu tang khiduong kinhdng ting va tén
sét gia tr cua vat lisu dang tim trong ing khiduong kinhéng da l6n.
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4. KET LUAN

Trong nghién 6u nay, AFEMduoc dé xuét dé tinh cacdic trung dan Hoi cia cac 4t ligu
luéi na nd hic giac. Thi nglém kéodlng tam va thi nghm truot thuan tuy dugc mo plong dra
trén AFEM & tinh toan médun dan hoi, mé dun dan Koi truot va k¢ sb Poisson ga tim
graphen,4m BN don I5p. Két qua thu duoc rat gan véi cac Kt qua tinh toan Bng phrong phap
khac nhr DFT, MD, ...Diéu d6 cho thy tinhdingdin cia AFEM trong nghiénieu nay.

Vi vat ligu dang 6ng, qua bai toan kédiing tam theo plong hréng tuc, mddun dan i
cua dng duoc xacdinh. N6 ting khiduong kinhdng ting va tén toi gia tri cua \at liéu dang m
trong trng khiduong kinhdng da 16n.

Mac du trong nghiéniai nay chi tap trung tinh toan cho cadtviiéu na n6 éu trac ding
luc giac, AFEM hoan toan coarap ding cho céac 4u trac it liéu khac. Bén anh d6, do ma
tran duoc tinh ra aéi dang hién nén cac pin tir ciaa AFEM dé xuat trong nghién &u nay co th
dugc dua vao cac pin mém phin tir hitu han theong mai. So Wi cac phrong phap mé ping ¢
thang na nd nhDFT, MD, va tinh toan TB, AFEM la & phuong phapdon gian, nhanh chong
tim radic treng dan Foi cia cac Wit lidu ciu tric na né.

Loi cdm on. Nghién cu nay duoc tai try béi Quy phat trén khoa hc va coéng ngh quic gia
(NAFOSTED) trongieé tai ma $: 107.02-2014.03.
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ABSTRACT

DERTERMINATION OF ELASTIC PROPERTIES OF NANOSHEEPRSID NANOTUBES
BY ATOMISTIC FINITE ELEMENT METHOD

Nguyen Danh TruongLe Minh Quy

School of Mechanical Engineering, Hanoi UniversifyScience and Technology,
No 1 Dai Co Viet, Hanoi.

"Email: Truong.nguyendanh@hust.edu.vn

An atomistic finite element method (AFEM) was apglito determine elastic properties of
graphene and boron nitride (BN) monolayer sheetingJthe same force field parameters,
deviations between results obtained by AFEM andgédhloy molecular dynamics simulations
appear within 5 % for Young's and shear moduli. &mparing simulation results with
available data in the literature for these 2 shetetsay be concluded that the proposed AFEM is
a simple and fast technique to analyze accuratasfie properties of nanostructured materials.

Keywords Atomistic finite element method; elastic propestinanomaterial.
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